TRIGLYCERIDE, phospholipid, and cholesterol absorbed from the intestines are transported in the blood stream in the form of chylomicrons and very low density lipoproteins (VLDL). 1 " 7 There is considerable evidence that triglyceride of chylomicrons and VLDL is hydrolyzed during uptake from blood and that this process is catalyzed by lipoprotein lipase. 1 3 * Lipoprotein lipase activity is found in tissues that utilize triglyceride, and the level of activity in individual tissues (adipose tissue, heart, muscle, and mammary gland) varies with nutritional and physiological states that affect triglyceride uptake, such as fasting,*"" diabetes," pregnancy, 14 -'» and lactation. 1 *" 17 Lipoprotein lipase activity is released readily to the blood stream by heparin injection, suggesting that the enzyme is present in or near the vascular bed. 20 "" Instead, the triglyceride is hydrolyzed to free fatty acid (FFA) by lipoprotein lipase in peripheral tissues, and some of the FFA formed is released to the blood to be taken up by liver. 10 "" Although cholesteryl ester in chylomicrons is taken up primarily by liver,* 4 ' 2 " this process occurs only after most of the triglyceride in chylomicrons has been removed by the action of lipoprotein lipase in peripheral tissues. 12 -" The fate of phospholipids and unesterified cholesterol in chylomicrons has not been determined. It is possible that lecithimcholesterol acyltransferase activity (LCAT) in plasma 17 may facilitate clearance of free cholesterol and lecithiniy forming_products that can be taken up by specific tissues: cholesteryl ester by liver 14 -" and lysolecithin by liver and intestines."
This paper reviews studies on the uptake of chylomicron lipids by extrahepatic tissues and the roles of capillary endothelium and lipoprotein lipase in this process. It also proposes a model for the transport of lipids across the capillary wall by lateral diffusion in cell membranes.
Composition of Chylomicrons
Chylomicrons are spherical particles ranging in diameter from 0.05 to 0.5 /im. Bated on analyse* of chylomicron isolated from thoracic duct lymph of raU tube-fed com oil. apoC-II, 32 and its action on triglyceride is suppressed in hypertonic NaCl s o l u t i o n . " ' 4 " Recent studies have shown that lipoprotein lipase has positional specificity for the primary ester bonds of glycerides."- 40 The enzyme readily hydrolyzes triglyceride and l,2(2,3)-diglyceride to 2-monoglyceride and FFA, and 1(3)-monoglyceride to glycerol and FFA, but has no effect on 2-monoglyceride. Thus, complete hydrolysis of triglyceride to glycerol and FFA by lipoprotein lipase requires isomerization of 2-monoglyceride to l(3)-monoglyceride.
Lipoprotein lipase also hydrolyzes the primary acyl ester bond of lecithin to form 2-acyl lysolecithin. 41 This isomer differs from that formed by LCAT" and phospholipase A,, 42 1-acyl lysolecithin. The fate of 2-acyl lysolecithin has not been studied.
Uptake of Chylomicron Triglyceride by Extrahepatic Tissues
Triglyceride fatty acids in chylomicrons are rapidly cleared from the blood when injected intravenously. The rate of clearance and fate of the fatty acids, however, depends on the nutritional and physiological state of the animal. 4 '" 4 * In fed rats, about 32% of the fatty acids removed from blood in 10 minutes were found in adipose tissue, 32% in skeletal muscle, 18% in liver, and about 2% each in heart, kidney. and spleen, whereas 18% were oxidized to CO,. 4 ' In fasting animals, however, 57% of the fatty acids removed in 10 minutes were immediately oxidized to C O . and 2-5% were found in liver, 10% in skeletal muscle, and only 5% in adipose tissue. The change in uptake by adipose tissue can be related to the suppressing effect of fasting on lipoprotein lipase activity in that tissue.*"" Uptake of triglyceride and lipoprotein lipase activity in mammary gland are both greatly increased during lactation.
"
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- 47 The enzyme activity in mammary tissue increases several days before parturition and remains high throughout lactation.
1 *"" Lipoprotein lipase activity in mammary gland of lactating rats decreases rapidly, 95% in 18 hours, when suckling is stopped 15 or when the anterior pituitary gland is removed, 4 ' and activity in hypophysectomized lactating rats can be restored to normal by injection of prolactin. 4 "
We have used perfused adipose tissue and mammary gland to study the action of lipoprotein lipase in the uptake of chylomicron triglyceride by extrahepatic tissues.'-4t " 81 Chylomicrons containing doubly labeled triglyceride were used so that the fate of both the acyl and glyceryl moieties could be studied. The chylomicrons were isolated from thoracic duct lymph of rats tube fed corn oil containing radioactive fatty acids and glyceride-glycerol. 4 
PERFUSED ADIPOSE TISSUE
Perfused parametrial fat bodies of fed rats' 2 removed 1.1% of the chylomicron triglyceride infused into the arterial blood stream.' More than 95% of the triglyceride taken up was hydrolyzed to FFA and glycerol. About 55% of the FFA were incorporated into tissue triglyceride while the rest of the FFA and all of the glycerol were released to the blood. Retention of glyceride-glycerol by the tissue was negligible, 0.06% of that infused.
Release of FFA and glycerol to the blood stream during the first minutes of infusion of chylomicrons is shown in Table 3 . The time lag of about I minute before chylomicrons appeared in venous blood was due to travel time between the injection site and the venous blood collecting tube." FFA release began during the third half-minute period (1.0-1.5 minutes) and reached a maximal rate during the next period, while glycerol release began during the 4th period (1.5-2.0 minutes) and reached a plateau two periods later. The molar ratio of FFA to glycerol in venous blood was 8.1 during the third period (1.0-1.5 minutes), 1.6 during the fourth period, and 1.0 after 2.5 minutes. These findings suggest that chylomicron triglyceride is hydrolyzed in adipose tissue first to partial glycerides and FFA, with immediate release of FFA to blood, and then hydrolyzed 30-60 seconds later to glycerol and FFA, with release of glycerol to the blood stream and incorporation of the FFA into tissue triglyceride.'
Release of FFA and glycerol from chylomicron triglyceride to the blood stream during and after prolonged (60-minute) infusion of chylomicrons is shown in Table 4 . Venous blood triglyceride concentration ranged from 0.7 to 1.1 itiM during the infusion, and averaged 0.5 mM during the first 5 minutes and 0.02 mM during the second 5 minutes after the infusion was stopped. Adipose tissue, which LIPID TRANSPORT ACROSS CAPILLARY ENDOTHELIUM/Scow et al. (Table 5 ). About 65% of the triglyceride taken up was retained as glyceride in the tissue, while the rest was hydrolyzed and released to the perfusate as FFA and glycerol. The ratio of labeled fatty acid to labeled glycerol retained in lipid by perfused mammary tissue was nearly the same as that in the infused chylomicrons (Table 5 ).*" This could result from the incorporation into tissue and milk lipid of partial glycerides, FFA, and glycerol produced by hydrolysis of chylomicron triglyceride, the retention of unhydrolyzed triglyceride, or the presence of chylomicrons within the vascular bed of the tissue." The latter seems unlikely because the tissues were flushed for 5 minutes with chylomicron-free perfusing fluid after the infusion was stopped. Furthermore, autoradiographic studies in perfused mammary tissue showed that both acyl and glyceryl moieties derived from chylomicron triglyceride are incorporated into milk lipid. 41 Whether the glyceryl moiety enters mammary cells as partial glycerides, "• " glycerol," or triglyceride has not been determined.
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The molar ratio of FFA to glycerol released to the perfusate by perfused mammary gland was 15 during the first 2 minutes and 5 during the next 11 minutes of infusion of chylomicrons, and <2 after the infusion was stopped.
60
The very high ratio during the first 2 minutes of infusion suggests, as in adipose tissue, that partial glycerides are formed during the uptake of triglyceride, and the low ratio, as well as the continued release of glycerol, 50 after the infusion was stopped suggest that glycerol is formed outside of the blood stream.
Uptake of chylomicron triglyceride and lipoprotein lipase activity were both much lower in perfused mammary tissue of hypophysectomized lactating rats than in that of intact lactating rats (Table 5 ). These effects of hypophysectomy can be attributed primarily to prolactin lack, since prolactin injections restored both lipoprotein lipase activity of mammary gland and milk secretion to normal in hypophysectomized lactating rats." Triglyceride uptake by perfused mammary tissue 10 and lipoprotein lipase activity in the tissue" also were reduced when lactating rats were not suckled for 18 hours. These findings indicate that lipoprotein lipase is involved in the uptake of chylomicron triglyceride by lactating mammary tissue.
IN VIVO
Studies in rats showed that lipoprotein lipase activity increases in mammary gland and decreases in adipose tissue during lactation, and that the activities in both tissues return to prelactation levels when suckling is stopped." The effect of such changes in lipoprotein lipase activity on the fate of chylomicron triglyceride was studied in suckled and unsuckled rats lactating for 6-7 days. Nonsuckling for 2 days lowered lipoprotein lipase activity in mammary gland from 78 to 2 units/g and increased the activity in adipose tissue from 8 to 56 units/g. Nonsuckling also lowered, by 87%, uptake of chylomicron triglyceride fatty acids by mammary gland, while it increased uptake by adipose tissue 13-fold (Table 6 ). Nonsuckling had no significant effect on uptake of triglyceride fatty acids by liver. These findings indicate that the changes in lipoprotein lipase activity in mammary t Lactating rats were hypopfaysectomized 2 days before experiment, given subcutaneous injection of oxytocin every 6 hours, and allowed to suckle." gland and adipose tissue during lactation serve to divert chylomicron triglyceride fatty acids from storage in adipose tissue to mammary gland for milk secretion.
SUMMARY
The above findings show that lipoprotein lipase is essential for the uptake of chylomicron triglyceride by adipose and mammary tissue. They also show that triglyceride is hydrolyzed during uptake, first to partial glyceride and FFA, with immediate release of FFA to the blood stream, and later to glycerol and FFA, with release of glycerol to the blood and incorporation of the FFA into lipid by the tissue. The presence in milk lipid of glyceride glycerol derived from chylomicrons suggests that partial glycerides cross the capillary endothelium.
Uptake of Chylomicron Cholesterol by Extrabepatic Tissues
Although most of the cholesteryl moiety in chylomicrons is removed from blood by liver, 14 -"• " appreciable amounts are taken up by extrahepatic tissues under certain conditions."-""" Mammary gland, for example, takes up cholesterol during lactation""" and cholesterol accounts for about 0.5% of the lipids in milk."-" Studies in lactating animals showed that 50-85% of the cholesterol secreted in milk is derived from blood,"-'"• " and that chylomicron cholesterol is readily taken up by lactating mammary tissue."-*' PERFUSED MAMMARY GLAND Perfused mammary gland of intact and hypophysectomized lactating rats were used to study uptake of chylomicron cholesterol by extrahepatic tissue and the possible role of lipoprotein lipase in this process." Perfused inguinalabdominal mammary tissue of intact rats removed 15% of the chylomicron cholesterol infused into the arterial blood stream, whereas the tissue of hypophysectomized rats removed less than 1% of that infused (Table 5 ). Since lipoprotein lipase activity was greatly reduced in the mammary tissue of hypophysectomized rats these findings suggest that lipoprotein lipase is involved in the uptake of chylomicron cholesterol by mammary gland (Table 5) . 
157
IN VIVO
The effect of changes in lipoprotein lipase activity on uptake of chylomicron cholesterol by mammary and adipose tissue was studied in vivo in suckled and unsuckled lactating rats ( Table 6 ). As noted earlier, lipoprotein lipase activity in mammary gland is higher in suckled than in unsuckled rats, whereas the activity in adipose tissue is higher in unsuckled rats. Uptake of chylomicron cholesterol by mammary gland in vivo was l.S times higher in suckled than in unsuckled rats, while uptake by adipose tissue was 2 times higher in unsuckled rats (Table 6 ). Nonsuckling had no effect on cholesterol uptake by liver. The form in which cholesterol was taken up from chylomicrons, whether free or esterifled, was not determined. The findings suggest that uptake of chylomicron cholesterol by adipose and mammary tissue involves the action of lipoprotein lipase. The relative ratio of cholesterol to triglyceride fatty acids retained by mammary tissue was considerably higher in vitro (Table 5 ) than in vivo ( Table 6 ). The explanation for this difference is not known.
SUMMARY
The above findings indicate that uptake of chylomicron cholesterol by mammary gland and adipose tissue probably requires the action of lipoprotein lipase, and that changes in lipoprotein lipase activity in these tissues during lactation could serve to divert chylomicron cholesterol from adipose tissue to mammary gland for milk secretion. The role of lipoprotein lipase in the uptake of cholesterol from chylomicrons is discussed below.
Capillary Endothelium
MORPHOLOGY
The capillaries in adipose tissue and mammary gland consist of a single layer of endothelial cells surrounded by a basement membrane and pericytes" 1 -" (Fig. 1) . The pericytes are located within the basement membrane of the endothelium." The endothelial cells contain mitochondria, endoplasmic reticulum, numerous vesicles (0.06-0.08 /im), and vacuoles (up to 0.25 ^m in diameter). Although vesicles and vacuoles usually appear in sections to be isolated cavities, they form channels which cross the capillary endothelium"-"• ** (Figs. 1-3 ). Endothelial cells, especially in lactating mammary tissue, have finger-like processes which project into the capillary lumen"-" (Figs. 4-6 ). Endothelial cells also have processes along the basal surface which appear to make contact with parenchymal and other cells in the tissue (Figs. 1, 4 , and 5).
INTERACTIONS WITH CHYLOMICRONS
Chylomicrons are found in capillaries, after intravenous injection, attached to and partially enveloped by endothelial cells"-•*• •' (Figs. 5-7) , and those enveloped usually have direct contact with vacuoles and vesicles (Fig. 7) . Chylomicrons are also found enmeshed by luminal projections of endothelial cells, especially in lactating mammary gland (Figs. 5 and 6 ). There is no morphological evidence that chylomicrons, either intact or partially lipolyzed, can cross the capillary endothelium.•• "• " ' 7 1 SITES OF LIPOPROTEIN LIPASE ACTIVITY Sites of action of lipoprotein lipase during the uptake of chylomicron triglyceride have been located in adipose tissue with a cytochemical technique." Adipose tissue perfused with chylomicrons was fixed with glutaraldehyde and incubated at 38°C and pH 8.1. The tissue was then treated with Pb(NO,)i, postfixed with OsO«, embedded, and sectioned for electron microscopy. FFA produced by hydrolysis during incubation formed granular and laminar deposits with Pb 1+ at sites of lipase activity. Reaction products were found within vacuoles and vesicles of endothelium and in the subendothelial space between the endothelium and pericytes, but not in the capillary lumen, or in or near fat cells (Figs. 8  and 9 ). It was concluded that glycerides derived from chylomicrons are hydrolyzed in capillary endothelial cells and subendothelial spaces of adipose tissue, and that they cross the endothelium within a membrane-bound system. Similar findings were made in perfused lactating mammary gland (Fig. 10) .
A schema showing probable sites of hydrolysis and fate of products formed in adipose tissue during the uptake of chylomicron triglyceride is presented in Figure 11 . It is based on biochemical and cytochemical findings described above. When a chylomicron becomes attached to an endothelial cell, triglyceride in the chylomicron is hydrolyzed by lipoprotein lipase to diglyceride and FFA. The diglyccride molecule is immediately transferred to a vesicle or vacuole and the FFA molecule is released to the blood stream. The diglyceride is then hydrolyzed by lipoprotein lipase to FFA and 2-monoglyceride and the products are transferred, associated with vesicles and vacuoles, to the subendothelial space. The FFA is taken up and esterified by the fat cell and the monoglyceride is hydrolyzed to FFA and glycerol. Whether the monoglyceride is hydrolyzed by monoglyceride lipase" or isomerized to 1 (3)-monoglyceride and then hydrolyzed by lipoprotein lipase" is not known. The resultant FFA is esterified by the fat cell and the glycerol is released to the blood stream. When the chylomicron is nearly depleted of triglyceride, the remnant, consisting of cholesterol ester and residual triglyceride and surface components, enters the blood stream to be taken up by liver.
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-" A similar schema has been proposed for lactating mammary gland but with one exception; some of the monoglyceride formed from chylomicrons is taken up and esterified by mammary cells."
TRANSPORT OF LIPID FROM CHYLOMICRONS
The schema presented in Figure 11 shows that uptake of triglyceride from chylomicrons involves transport within the capillary endothelium of at least three different classes of lipid-diglyceride, monoglyceride, and FFA. The cytochemical studies indicate that the glycerides are associated with vesicles and vacuoles in the endothelium, and that they can be readily hydrolyzed even in tissues fixed with glutaraldehyde." There are two forms in which these lipids could cross the capillary, either as components of lipoprotein particles or as individual molecules.
Autoradiographic studies of rat aorta perfused with various '"I-labeled serum lipoproteins showed radioactive reaction over the aortic endothelium, subendothelial spaces, and inner media. 74 Since much of the radioactivity in the tissue was protein-bound, i.e., trichloroacetic acid (TCA)-precipitable, it was concluded that the lipoproteins studied (high density, low density, and very low density lipoproteins) were transported as intact particles across the aortic endothelium, probably within plasmalemmal vesicles. The particles, however, were not seen with the electron microscope.
Studies of capillaries in various tissues-adipose, mammary, heart, and skeletal muscle-have shown chylomicrons attached to and partially enveloped by capillary endothelium, but never any evidence that chylomicrons, either intact or partially lipolyzed, cross the capillary endothelium. "-7> The rapid appearance of remnants, within 3 minutes, in venous blood of lactating rat mammary tissue perfused with chylomicrons" supports the conclusion that chylomicrons do not cross the capillary endothelium.
Although exchange and carrier proteins have been proposed for intracellular transport of lipid molecules in various tissues, 7 '"" there is no evidence that they are involved in lipid transport within or across capillary endothelium. Furthermore, this possibility seems impracticable because of (1) the large amount of lipid transported across the capillary during uptake, (2) the limited binding capacity (1 mol/ mol") and relative large molecular weight of exchange 7 ' 80 -" 2 and carrier' 4 -" • l 7 proteins [12,000-30,000 vs. 625 (mol wt of distearoylglycerol)], and (3) the likely requirement for at least three carrier proteins in the capillary. Also, transport of lipid through the endothelial cytoplasm by carrier proteins would require transfer of the lipid across the two layers of the plasma membrane, both on entering and on leaving the cell, by the flip-flop mechanism which is known to be slow, requiring hours for transfer of lipid between the two layers."-"" f0 Studies with artificial and cellular membranes have shown that various lipids (phospholipid, fatty acids, steroids) and certain proteins can move rapidly in the plane of lipid membranes by lateral diffusion.""*° Recent findings in chylomicrons incubated with lipoprotein lipase showed that products of lipolysis, partial glycerides and FFA, accumulated in the chylomicrons when fatty acid binding sites on albumin in the medium were limited." Morphological studies showed that the lipolytic products accumulated in the interface between the core triglyceride and water, and that the chylomicron surface film was extended as a lipid monolayer lining and spiraling within aqueous spaces which formed in the chylomicron core (Figs. 12-14) . It was LIPID TRANSPORT ACROSS CAPILLARY ENDOTHELIUM/Scow et al. concluded that the lipolytic products moved from the site of enzyme action by diffusion in the monolayer, and that lipolysis continued as long as the monolayer could expand. 91 Since cell membranes are lipid bilayers, 88 ' 9°-92 ' 94 it seemed feasible that products of lipolysis within capillaries could move across the endothelium by lateral diffusion in cell membranes. Therefore we considered the possibility that fusion of the surface film of the chylomicron with the external leaflet of the endothelial plasma membrane would form a continuous lipid interfacial plane in which lipolytic products could move from chylomicrons (Fig. 15) . As noted above, chylomicrons enveloped by endothelium are in direct contact with vesicles and vacuoles (Fig. 7) , and the latter form channels that cross the capillary endothelium 19 -65 -
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( Figs. 2 and 3) . Thus, the external leaflet of the vesicle and vacuole membranes could connect the surface film, as well as the external leaflet of the luminal plasma membrane, with the external leaflet of the basal plasma membrane of the endothelium (Fig. 15) . It is also proposed that continuity between cells of different types, such as endothelial cells, pericytes, and parenchymal (fat and mammary) cells, could result from fusion, perhaps transitory, of the external leaflet of plasma membranes (Fig. 15) at points of contact between the cells (Figs. 1, 4 , and 5). There is ample evidence that this type of fusion occurs, adjacent to tight junctions, between cells of the same type, such as capillary endothelial cells."-
Lateral diffusion in lipid bilayers probably results from molecules moving to vacant (lattice) sites in membranes. 89 Thus, flow of lipolytic products from the chylomicrons would be enhanced if the products were removed from the interfacial continuum at some point distal to the chylomicrons. It is proposed that removal occurs in the parenchymal (fat) cell as the result of esterification of the lipolytic products, FFA and perhaps partial glycerides, to triglyceride which would readily separate from the lipid interface. Esterification occurs primarily in the endoplasmic reticulum,* 7 '" perhaps in the external leaflet continuous with the external leaflet of the plasma membrane," and triglyceride probably accumulates between the bilayers of the endoplasmic reticulum (Fig. 15) .
SURFACE TRIGLYCERIDE CORE
The origin of lipoprotein lipase in capillary endothelium is not known. Since the enzyme can be synthesized by fat cells' 00 and perhaps also by mammary cells,"-"" it is possible that parenchymal cells are the source of lipoprotein lipase in endothelium, and that the enzyme is transferred to the endothelium by lateral diffusion in a continuum of cell membranes.
In summary, the mechanism proposed for transport of fatty acids from chylomicrons to fat cells consists of conversion of chylomicron triglyceride by lipoprotein lipase to acyl lipids which can move by lateral diffusion in a continuous interface of cell membranes to fat cells where they are esterified to triglyceride and separate from the membrane interface (Fig. 15) . It has been shown that the surface film of chylomicrons becomes redundant when the triglyceride core is reduced by lipolysis." It is suggested that when this happens in capillaries of adipose tissue, cholesterol in the surface film crosses the capillary wall by lateral diffusion, also in a continuous interface of cell membranes, and contributes to membrane proliferation of fat cells during storage of triglyceride. 101 Similar mechanisms are undoubtedly involved in uptake of triglyceride and cholesterol by lactating mammary gland, with incorporation of glyceride into milk triglyceride, and cholesterol into milk fat globule and cell membranes.* 4 Phospholipid may also be transferred to extrahepatic tissues by a process similar to that for cholesterol. Cholesteryl ester, in contrast, is not taken up by extrahepatic tissues. Instead, it is released to the blood stream as part of the chylomicron remnant"-" and taken up by liver. 
